The optical properties of transparent single membranes on the wings of the dragonfly Aeshna cyanea have been investigated. These membranes comprise one central thick cuticular layer covered dorsally and ventrally with typical odonatan wax pruinosity. Optical characterisation of individual membranes reveals they can support optical guided modes comprising differential polarisation reflection. We suggest this may offer an intraspecific signalling channel. The guided modes' characteristics depend on membrane thickness and the nature of the wax pruinosity. We accurately modelled multiple optical data sets simultaneously, thereby inaugurally quantifying the roughness of the pruinosity and the complex refractive indices of the wax and the odonatan cuticle.
Introduction
The microstructure in and on the wings of insects is the subject of extensive interest. These structures have developed for various purposes: conspecific signalling through the production of structural colour [1, 2] ; mechanical strength [3] ; wing-surface anti-wetting and selfcleaning [4, 5, 6] and aerodynamic properties [7, 8] . Investigation of these structures allows both a better understanding of the host species' evolutionary development [3, 9] and reverse engineering of the structures to enable production of novel systems that perform similar tasks [10] .
Odonatan wings generally comprise a framework of narrow veins, interconnected by a thin membrane to form small transparent windows 2 mm 2 or less in area. In some species, optically specialised wing membranes may be structurally coloured [11] and often pigmented with melanin [9] . Non-optically specialised transparent membranes consist of a cuticular layer, a few microns thick, between two much thinner superficial layers formed by cuticular wax (Fig.  1 ). Micro-sculpting in the wax layers forms the characteristic pruinosity associated with odonatan wing surfaces. This greatly reduces wetting of the wing surface by enhancing water droplet formation. Self cleaning then occurs when these droplets roll off the wing, taking micro-and macroscopic dust particles with them [4] . The optical properties of odonatan wings have been the subject of only limited investigation and characterisation [10, 12] . Transparent wings in particular have not received the scientific attention that has been allocated to coloured wings. We have undertaken a detailed study of the transparency associated with many different insect wings. This paper describes the results of our investigation of one system; the transparent membranes that interconnect the network of wing venation of the dragonfly Aeshna cyanea. We report that these transparent membranes support leaky optical guided modes and that carefully fitting theory to experimental data yields the complex refractive indices and surface morphologies of 4μm the wings. We describe the experimental and theoretical approach we have developed to achieve this optical characterisation and how it has led to the first detailed characterisation of the complex refractive index associated with cuticular wax layering.
Method
The transparent wings of several preserved male Aeshna cyanea dragonflies were examined using scanning and transmission electron microscopy (SEM and TEM). A Hitachi S-3200N electron microscope was used for SEM, the samples first cold-sputtered with 4 nm of gold. TEM analysis was undertaken after fixing samples in 3% glutaraldehyde at 21°C for 2 hours followed by rinsing in sodium cacodylate buffer. Subsequent fixing in 1% osmic acid in buffer for 1 hour was followed by block staining in 2% aqueous uranyl acetate for 1 hour, dehydration through an acetone series (ending with 100% acetone) and embedding in Spurr resin. Post microtomed sample sections were stained with lead citrate and examined using a JEOL 100S TEM instrument. Laser transmission measurements were conducted by mounting the specimens' right forewing onto a computer-driven rotating table on an optical bench. This enabled the incidence angle of a laser to be changed accurately. Angle dependent transmission data was taken for TE-and TM-polarised light (at both 632.8 nm and 543 nm using HeNe lasers) from different individual membrane windows on the right fore-wing (Fig. 2) . The laser was incident through an optical modulator (to enable phase sensitive detection to facilitate reduced noise), a polariser allowing only TE or TM linearly polarised light and a long focal length lens so the beam would pass solely through a single window within the wing. The transmitted laser light was collected with a photodiode optimised for phase sensitive detection. Absolute transmission was determined by ratioing these data against the intensity of the laser without the sample present.
One of the principle difficulties associated with modelling many-layer systems comprises overcoming degeneracies between layer thickness and refractive index. For this reason, multiple experimental data sets were simultaneously modelled using a multilayer optical code based upon recursive Fresnel formulae. In this code, individual single interface reflection (r) and transmission (t) amplitude coefficients were obtained for each interface within the multilayer stack using the standard Fresnel formulae;
where the subscripts ij refer to the media on either side of the interface, zi k and zj k are the normal components of the wavevector of the incident and transmitted light given by 
where σ measures the magnitude of the Gaussian roughness [13] .
For the sort of roughness associated with the pruinosity on odonatan wings, however, due to its size and variation in shape, σ actually represents a measure of the amount of light scattered out of the specular beam. In this way, it is an indirect measure of the roughness itself, since it is the roughness which causes the scattering, but is not a direct measure of the average amplitude of the roughness as it is for smaller amplitude rough samples. Therefore, using Eq. (2) to modify the Fresnel amplitude coefficients, the entire structure's transmission amplitude coefficient from each wing region was calculated recursively using 
although in this case, since the wing is bounded by air on both sides, it is simply * tt T = . All results obtained (eight datasets -two wavelengths for each of the four regions examined) were simultaneously fitted to theory using this model by an automated least squares reduction routine. All the parameters (the thickness and complex refractive indices of each layer, as well as the roughnesses of the surfaces) were allowed to vary freely between bounds which were determined by SEM and TEM (for the structural parameters) and previously published literature for typical values of the cuticle refractive index. The refractive index of odonatan cuticular wax, poorly documented in literature, was assumed to be between that of water (1.33) and that of cuticle (~1.56). The refractive indices of the cuticle and wax layers were forced to be the same for all regions (though different for the two wavelengths), and the structural parameters (the layer thickness, and the roughness parameter σ ) were forced to be the same for the two wavelengths (though different for the four regions). By fitting the eight datasets simultaneously the degeneracy of the fitting was significantly reduced. The results and the corresponding fits are shown in Fig. 3 . The parameters determined from the fitting are inset within the figure. Fig. 3 . Angle-dependent TE polarised transmission data and theoretical fits for the four regions investigated. These regions correspond to the windows in the wing shown in the photograph in Fig 2. d 1 is the thickness of the cuticular wax layer on the incident side of the structure, d 2 is the thickness of the bulk cuticle layer, and d 3 is the thickness of the cuticular wax layer on the exit side of the structure. σ 1 and σ 3 are the diminution constants describing the scattering due to the rough surfaces of the incident and exit interfaces respectively. 632.8nm data 543nm data 632.8nm theory 632.8nm theory
Results
The results in Fig. 3 show a series of fully leaky waveguide modes as minima in the angledependent transmission data. These occur due to constructive interference between reflections from the top and bottom interfaces of a layer within the multilayer stack [14] , resulting in a partially trapped optical wave propagating within the cuticle layer. Since the reflections need to be coherent, the condition for their excitation is that the phase changes of the light upon reflection at the two interfaces, and upon propagation in the direction normal to the layer interfaces, result in the multiple reflections within the layer being in phase with each other. Power resonantly propagates along the waveguide (cuticle layer) when this condition is satisfied. The angular positions of the modes are determined both by the reflection coefficient at the interfaces of the multilayer stack (giving the phase change upon reflection of the light), and by the thickness and refractive index of the waveguiding layer (giving the phase change upon propagation within the layer). In general, the closer together the modes are in terms of angular position, the thicker the waveguiding layer. The term fully-leaky relates to the fact that the light incident on the interfaces of the waveguiding layer is only partially reflected allowing power to be 'leaked' into the transmitted or reflected orders (and in the case of rough interfaces into scattered light) in the media both above and below the waveguiding layer. This power loss results both in an increased width and decreased depth of the waveguide modes. It is clear, therefore, that the waveguide modes will be sensitive to the thickness of the layers, the refractive indices and any surface morphology in the layered system. Consequently, the parameters describing the system can be determined by fitting the experimental data to theory. Simultaneous multi-dataset fitting yielded a value for the complex refractive index of the cuticle layer to be 1.56 (± 0.01) + 0.003i (± 0.001i). The imaginary part of this complex refractive index, which relates to the optical absorption in the system, is not zero as might be expected from totally transparent systems. However, it is an order of magnitude smaller than that previously measured in systems responsible for structural colour [15] . The refractive index of the dorsal and ventral layers of cuticular wax exhibited some dispersion and was determined to be 1.38 at 632.8 nm and 1.40 at 543 nm. These values are consistent with values cited for cuticular wax in plants [16] . The imaginary part of the refractive index of the cuticular wax, i.e. which relates to the optical absorption, could not be determined accurately. This is because the power loss to which it would normally be attributed is dominated in this instance by loss into the scattered light due to the pruinosity of the interface.
The σ values returned by the theoretical fits vary significantly both between regions and between dorsal and ventral sides of the structure. The supporting SEM images in Fig. 2 further indicate that not only does the magnitude of the surface roughness vary dramatically between regions, but so also does the form of the roughness.
Discussion
The amount of scattering from wavelength-scale features is dependent not only on the size of each feature, but also its general shape and refractive index. For this reason, the optical significance of the roughness associated with natural optical surfaces is only partially described by Gaussian formalism. In addition to the statistical pitch and amplitude, the shape and curvature of the microstructure also carry optical significance; i.e. a more rounded object is less likely to scatter electromagnetic radiation. In spite of this complexity, the σ values obtained from the theoretical fitting described here show a quantitative correlation to the nature of the surface roughness imaged by SEM. Smaller σ values (σ < 35) correspond to membrane regions with roughness of a smaller magnitude, or regions with significantly more rounded roughness. Higher value σ regions (σ > 100) are consistent with larger and less rounded surface roughness which delivers significantly more scattering. This accounts for the zero σ value obtained for the ventral surface of region 3. Here the cuticular wax has a very rounded form, and hence produces very little scattering (the much rougher dorsal surface dominates the scattering resulting in the zero value obtained)
The variability in the scale and type of the roughness from membrane regions on different parts of each characterised wing is curious. If the function of this roughness, combined with the hydrophobicity of wax, were solely anti-wetting (and consequently self-cleaning) one might be assume that all regions of the wing should have similar surface pruinosity because there would be an optimal scale of the roughness necessary for this purpose. The fact that this is clearly not the case might imply there may be a secondary function to this surface morphology. One potential candidate for this relates to aerodynamic surface drag; specifically control of the wing surface boundary layer [17, 18, 19] . Closer consideration of the scale of the membranes' surface roughness, however, and the significantly larger size of the wing venation makes this very unlikely (C. P. Ellington, private correspondence).
Leaky guided modes in natural layered systems, such as those revealed in this study, have not been reported previously. They are brought about by the propagation of incident light in the plane of the wing membrane. They are electromagnetic wave configurations which are solutions to Maxwell's equations and which conform to the physical conditions at membranes' surfaces. They form an extremely well known and widely studied field of technological photonics [20, 21] . Their existence in these transparent wing membranes is entirely predictable, although the effect of surface roughness is less straightforward to model. In this wing system, the presence of guided modes facilitates the differential reflection of each linear polarisation; under certain circumstances by as much as 30% at incidence angles around 45° and up to 60% at much higher angles (Vukusic, unpublished data). The biological relevance of such differential polarisation transmission, and hence differential polarisation reflection, is unknown. Certainly the dorsal rim area of the Aeshna cyanea compound eye appears anatomically specialized, its ommatidia comprising rhabdoms with only two, orthogonally-arranged, microvillar orientations [22] . In other species, this structure is directly responsible for polarization sensitive vision [23] : as such, it can be incorporated into highlevel visual perception in a manner akin to colour vision [24] . Despite this specialisation appearing somewhat limited to the dorsal rim area, and hence ideally suited for celestial navigation, it is nonetheless possible the polarisation vision sensitivity of Aeshna cyanea may also be utilized for one or more tasks other than navigation. Object recognition, contrast enhancement, and signal detection and discrimination would number among these tasks. Signal detection would in this case appear to be a property that is complementary to the actual production of polarised signals from the transparent wing membranes themselves. It would be interesting to investigate whether our human perception of the apparently featureless transparency of these odonatan wings actually overlooks its effectiveness as an extremely simple polarisation signalling channel.
Conclusions
In this study a multi-variable optical fitting method has been designed and used to obtain the refractive index and micro-roughness scattering characteristics of material layers within various regions of a transparent Aeshna cyanea dragonfly wing membrane. The results suggest that the cuticular wax layers on the top and bottom surfaces of the wing have a wavelengthdependent refractive index of between 1.38 -1.40. The fitting methodology identified a significant variation in the scale and form of the membrane surface roughness from different regions of wing. Though a preliminary quantification of this surface roughness has been made, improved surface roughness models will permit more accurate mathematical representation of the range and form of the surface structure that was encountered. While we identify the distinct presence of variation in wing-membrane surface roughness in this paper, the purpose of the variation itself is unknown.
Finally, we identified and characterised a differential reflection of polarised light from the wing. We suggest that this may complement the specialised polarisation sensitivity associated with Aeshna cyanea and other odonatan vision which has been described by other workers.
